are present for the cyclic isomer isotopologues. The data generated here serve as a reference for astronomical observations of these closed-shell, highly-dipolar molecules using new, high-resolution telescopes and as reference for laboratory studies where isotopic labeling may lead to elucidation of the formation mechanism for the known interstellar molecule: X 3 A HCCN.
cyanogen (C 2 N 2 ) or dicyanogen (C 4 N 2 ), in Titan's atmosphere (Yung 1987) . Additionally, this radical has been detected in the interstellar medium (ISM) towards the carbon-rich star IRC+10 216 , but interstellar formation pathways have not yet been able to explain the existence of this molecule in any molecular clouds (Fukuzawa et al. 1998) . Even so, molecules of related size, geometrical arrangement, and number of electrons have also been detected in the ISM. These include l/c-C 3 H (Thaddeus et al. 1985a; Yamamoto et al. 1987) , c/l-C 3 H 2 (Thaddeus et al. 1985b; Cernicharo et al. 1991) , and potentially 1 1 A C 3 H − in its quasilinear form . Hence, the interstellar existence of the various isomers and spin multiplicities of HC 2 N is likely.
It has been recently shown via highly-accurate quantum chemical computations that the bent-triplet HC 2 N isomer, known to exist in the ISM, is the lowest energy form of cyanomethylene (Inostroza et al. 2011 ). However, a local minimum pertaining to the cyclic-singlet form is known to be stable, as well (Mebel & Kaiser 2002) . It is 7.8 kcal mol −1 higher in energy than the bent-triplet according to these same highly-accurate computations (Inostroza et al. 2011) . A bent-singlet isomer lies at 11.1 kcal mol −1 higher in energy than the ground state (Inostroza et al. 2011) . The stability of 1 1 A c-HC 2 N over the bent-singlet isomer is due to its aromaticity. As such, it is isoelectronic with cyclopropenylidene (c-C 3 H 2 ) the smallest aromatic molecule detected in the ISM (Thaddeus et al. 1985b) ; C 3 H − , a new anion believed to be present in the Horsehead nebula photodissociation region ; and c-C 3 H 3 + , an aromatic cation likely to exist in the ISM, as well, . The deuterated istopologues of c-C 3 H 3 + are necessary for interstellar detection through rotational spectroscopy ) unless vibrational detection proves fruitful. Since 1 1 A c-HC 2 N contains one less atom and three fewer degrees-of-freedom, its interstellar detection would make it the smallest interstellar aromatic molecule, at least by those criteria.
The CH 2 CN radical has been detected in the ISM by Irvine et al. (1988) , and its presence could also lead to the creation of cyanomethylene. Protonation of CH 2 CN followed by dissociative electron recombination would result in HCCN and H 2 . Since this reaction is similar to the proposed mechanism for the interstellar creation of cyclopropenylidene (Lee et al. 1985 (Lee et al. , 2009 Huang et al. 2011; , the singlet aromatic isomer may be formed preferentially over the bent-triplet. It has also been speculated that CH 2 CN − may be present in the ISM , and simple proton attachment could also yield HCCN and H 2 . Such a reaction could lead to creation of the bent-singlet isomer which, through intersystem crossing or internal rearrangement, could lead to the triplet form or cyclize to create the aromatic isomer. The reaction of C( 3 P j ) + HCN has also been probed as a possible pathway leading to the creation of HC 2 N (Mebel & Kaiser 2002) , but details of the various stages of such a mechanism have not been fully explored. Simple photolysis of a C−H bond in CH 2 CN may also lead to either of the bent isomers. However, one of the most promising formation pathways for the cyclic isomer is an exact analog for the formation of cyclopropenylidene -that is, through deprotonation of the most stable form of C 2 H + 2 , since it has been shown that the most stable isomer has a cyclic structure similar to cyclopropenylidene (Kokkila et al. 2013) .
In order to understand the mechanisms that lead to the creation of any potential interstellar isomer of HC 2 N, laboratory astrophysical simulations would benefit greatly from highly-accurate reference data, especially for the isotopologues. Isotopic labeling can be used to elucidate the reaction pathway for specific atoms within the reactive species.
New astronomical observatories, such as the Atacama Large Millimeter Array (ALMA) and the Stratospheric Observatory for Infrared Astronomy (SOFIA), have exceptional spectral resolution. As a result, isotopically substituted forms of various interstellar molecules can be readily resolved from their standard forms. Rovibrational reference data computed from highly-accurate quartic force fields has been provided for various molecular systems of astronomical significance encompassing the aforementioned cyclopropenylidene (Lee et al. 1985 (Lee et al. , 2009 ) and c-C 3 H 3 + as well as HOCO + (Fortenberry et al. 2012 ), l-C 3 H + and quasilinear C 3 H − of significance to the Horsehead nebula Fortenberry et al. 2013b ), NNOH + (Huang et al. 2013a ) and many other molecular species including the bent-triplet, cyclic-singlet, and bent-singlet forms of HC 2 N (Inostroza et al. 2011) . In this paper, we are extending the understanding of the rovibrational nature of the HC 2 N systems by providing the spectroscopic constants and fundamental vibrational frequencies for the singly-substituted DCCN, H 13 CCN, HC 13 CN, and HCC 15 N isotopologues of cyclic 1 1 A and bent 2 1 A HCCN.
Computational Details
The reference geometries for the isotopologues of both HC 2 N isomers are taken from the main isotopologues computed in Inostroza et al. (2011) . The quartic force fields (QFFs) computed therein provide the necessary potential surface to carry out the rovibrational computations of the isotopologues due to use of the Born-Oppenheimer approximation in the formulation of the QFFs. The 3-pt (tz,qz,5z)+core+rel QFF is the most accurate of those utilized previously (Inostroza et al. 2011 ) and will be employed here. Recently, we have shortened the nomenclature for this QFF to the CcCR QFF (Fortenberry et al. 2011a,b) .
Spectroscopic constants and vibrational fundamental frequencies have been determined from second order perturbation theory (Mills 1972; Papousek & Aliev 1982; Watson 1977) with the SPECTRO program (Gaw et al. 1991) . Second-order vibrational perturbation theory (VPT2) is capable of predicting fundamental vibrational frequencies to within a few cm −1 (Martin & Taylor 1997; Huang & Lee 2008 ) when the QFF is accurate enough and effects of any Fermi resonances are included properly (Martin et al. 1995) . Vibrational fundamental frequencies are also determined from vibrational configuration interaction (VCI) theory using the MULTIMODE program (Carter et al. 1998; Bowman et al. 2003) after the force constants are transformed into the Morse-cosine coordinate system which gives proper limiting behavior (Dateo et al. 1994; Fortenberry et al. 2013c ). The complete
Watson S-reduced asymmetric top Hamiltonian is adopted allowing for direct quantitative comparison between the theoretical spectroscopic constants and those from experiment which has been analyzed using this Hamiltonian. Table 2 . Constants which are affected by any Fermi and/or Coriolis resonance are indicated in this table. Vibration-rotation interaction constants as well as the quartic and sextic centrifugal distortion constants are presented in Table 3 The greatest isotopic shift in the fundamental vibrational frequencies for the bentsinglet isotopologues is the ν 1 C−D stretch in DCCN. VPT2 and VCI report this frequency to be slightly larger than 2187 cm −1 , a decrease of over 700 cm −1 from the ν 1 C−H stretch in HCCN. This shift also brings the C-D stretch within range of the EXES instrument on the Stratospheric Observatory for Infrared Astronomy (SOFIA). The ν 1 hydrogen stretching modes for the other istopologues are also well-behaved in that both VPT2 and VCI report similar frequencies for each system analyzed. The CcCR QFF for other closed-shell tetra-atomic systems has produced hydrogen stretching frequencies that are known to be within 1 cm −1 or better of experiment (Fortenberry et al. 2012; Huang et al. 2013a) indicating that these frequencies reported here should provide highly accurate reference data. Additionally, the good agreement for the two vibrational methods for each of the other modes of these isotopologues indicates that the frequencies reported are accurate.
Even the torsional frequencies are no more than 2.2 cm −1 different (for H 13 CCN), whereas previous studies have shown that VCI often experiences difficulty with describing this mode (Fortenberry et al. 2011a,b; Mladenović 2012) . Such is not the case here.
The ν 2 mode of HC 13 CN is represented equally by two different states and subsequent frequencies for both VPT2 and VCI. That is, the ν 2 , ν 3 + ν 4 , and 2ν 3 states are more strongly coupled in a resonance polyad for this isotopologue than for the others, and hence there will be intensity sharing with the combination and overtone bands. The two frequencies (eigenvalues) which exhibit the largest ν 2 character are listed in Table 1 . Given the degree of mixing, it is likely that both bands would be observable and thus we report both here.
Isotopologues of cyclic-singlet HC 2 N
Isomeric cyclization to the aromatic cyclic-singlet form of HC 2 N greatly changes the rotational constants compared to the quasilinear, bent-singlet isomer. A 0 , B 0 , and C 0 are listed in Table 4 and are all of the same order of magnitude. The difference between the A 0 and B 0 -type constants is each greater than about 10 000 MHz for each of the isotopologues listed here. A 0 is 40 744 MHz, and B 0 is 34 505 MHz for the main isotopologue (Inostroza et al. 2011 ): a difference of only about 6 000 MHz (Inostroza et al. 2011 ). Due to the cyclization, the rotational spectra of the isotopologues of the cyclic-singlet HC 2 N will vary noticeably.
The harmonic vibrational frequencies and associated anharmonic constants are given in Table 5 with those constants affected by Fermi and/or Coriolis resonances marked, once more. Finally, the vibration-rotation interaction constants as well as the Watson S-reduced
Hamiltonian constants are listed in Table 6 . The same basis 4MR VCI computations are employed for the cyclic-singlet isotopologues as are for the linear isomers described previously except that ν 1 is now utilizing 11 contracted vibrational basis functions. These isotopologues also all posses C s symmetry, and their CCSD(T)/cc-pVQZ dipole-moments are 1.7 D as with the main isotopologue of cyclic 1 1 A HCCN (Inostroza et al. 2011) neglecting vibrational averaging.
The VPT2 and VCI methods once again produce fundamental vibrational frequencies that are in close agreement with one another. There is a bit more deviation with the cyclic isomer isotopologues between the two methods than there was with the bent singlet. As shown in Table 4 , the largest difference is for the ν 5 fundamental. These differ between VPT2 and VCI by 7.5 cm −1 for each of the heavy atom isotopologues but only by 3.9 cm
for the deuterated form. Similar behavior is present in the main isotopologue where the difference between VPT2 and VCI is also 7.5 cm −1 (Inostroza et al. 2011) . Since this mode involves a bending motion terminating with the hydrogen atom, the decrease in frequency and in VPT2/VCI difference is expected upon deuteration. Hence, the modes behave as expected for each of the isotopologues even when the two methods are not coincident.
As is typical for the various ways in which to implement single-isotopic substitution, deuteration changes the frequencies greatest and decreases their values for each mode. The other isotopologues are affected by their substitutions as compared to one another and the main isotopologue, but the effect on the vibrational frequencies is significantly reduced. The H 13 CCN and HCC 15 N isotopologues have quite closely related rotational constants, but their fundamental vibrational frequencies are far enough apart for astronomical distinction to be possible. For instance, the ν 1 C−H stretches are more than 10 cm −1 different at 3123.3 cm −1 and 3135.7 cm −1 , respectively, for VCI. HC 13 CN and HCC 15 N share fundamental vibrational frequencies that are often within 4 cm −1 of each other. However, the ν 2 and ν 3 modes have frequencies that differ by 15 cm −1 , as computed by VCI, allowing for these isotopologues to be conclusively differentiated whether in the ISM or in the laboratory.
Conclusions
Even though the only isotopically substituted systems known to date in the ISM consist mainly of deuterium-laden small molecules (Turner & Zuckerman 1978) , more resolving power brought to bear on the ISM and various other astronomical environments will be able to distinguish spectral features in the vibrational and rotational portions of the electromagnetic spectrum brought about by various isotopologues. Deuterium is four times more abundant than 13 C in the ISM, but this isotope of carbon is actually more plentiful as a nucleus than the most common nuclear arrangements of argon, calcium, and sodium (Savage & Sembach 1996) . Hence, 13 C reference data is necessary for spectral analyses of the ISM.
Furthermore, a more full understanding of interstellar chemical synthesis and reaction mechanisms in which the isomers of HC 2 N should be of significance may require experiments that employ isotopic labeling as part of the schema. This technique is highly beneficial with regards to rotational and vibrational spectroscopy where atoms can be labeled as having been produced from certain reactants. More information regarding the nature of the spectroscopic shifts brought about by isotopic substitution provides important information which will benefit ISM simulations in the laboratory, especially since the mechanism for the interstellar synthesis of the detected X 3 A HCCN radical has not yet been established.
The fundamental vibrational frequencies, rotational constants, and other spectroscopic constants given as a part of this study should provide clear data points for determining how chemical pathways in the ISM or in circumstellar shells may lead to the creation of this family of molecules.
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